In this paper, multi-objective and thermodynamic optimisation procedures are used to investigate the performance of a parabolic trough receiver with perforated plate inserts. Three dimensionless perforated plate geometrical parameters considered in the optimisation include the dimensionless orientation angle, the dimensionless plate diameter and the plate spacing per unit meter. The Reynolds number varies in the range 1.02 × 10 4 ≤ Re ≤ 1.36×10 6 depending on the fluid temperature. The multi-objective optimisation was realised through the combined use of computational fluid dynamics, design of experiments, response surface methodology and the Non-dominated Sorted Genetic Algorithm-II. For thermodynamic optimisation, the entropy generation minimisation method was used to determine configurations with minimum entropy generation rates.
Fluctuation from mean value
Introduction
Heat transfer enhancement in heat exchangers and in other thermal applications is of significant importance. Not only does it result in energy savings but has other benefits depending on the application under consideration such as heat exchanger weight and size reduction, reduction in device temperatures and reduction in the temperature difference between process fluids.
In parabolic trough receivers, heat transfer enhancement has potential to reduce absorber tube circumferential temperature gradients [1, 2] and also reduce absorber tube temperatures thus lower receiver thermal loss and improved receiver thermal performance [3] [4] [5] . Moreover, as parabolic trough systems with high optical efficiencies and high concentration ratios become feasible [6, 7] , high heat fluxes and high absorber tube temperature gradients will result. As such, improved heat transfer performance will be essential to minimise absorber tube temperature gradients as well as improve the performance and reliability of the receiver at these high concentration ratios. More still, an increase in concentration ratios leads to increased entropy generation rates due to the increased finite temperature differences as concentration ratios increase [8, 9] . As such, heat transfer enhancement can also act to minimise the entropy generation in the receiver. For these reasons, heat transfer enhancement in parabolic trough receivers has received considerable attention in the last few decades.
Passive heat transfer enhancement techniques are widely researched and applied in many industrial applications since they require no direct power input as compared to active techniques.
Several researchers have applied some of the passive heat transfer enhancement techniques to improve the performance of parabolic trough receivers. Reddy et al. [10] numerically analysed a receiver with various porous and longitudinal fin geometries. Ravi Kumar and Reddy [11] investigated the performance of the receiver with a porous disc. Different angles of orientation, porous disc heights and distances between the consecutive discs were considered. Muñoz and Abánades [2] analysed an internally helically finned absorber tube to improve the thermal performance of the receiver and minimise the temperature gradients in the receiver's absorber tube. Recently Cheng et al. [12] analysed the heat transfer enhancement of parabolic trough receivers using unilateral longitudinal vortex generators. In these studies, the potential for improved heat transfer performance in receivers with heat transfer enhancement is demonstrated.
Most heat transfer fluids used in parabolic trough receivers decompose rapidly at temperatures above 400 o C [13, 14] , leading hydrogen permeation in the receiver's annulus space which exacerbates receiver heat loss. Therefore, heat transfer enhancement mechanism in the receiver's absorber tube should avoid any hot spots and absorber tube surface modification should be done while taking into account likely thermal stresses. Therefore, use of tube inserts appears to be a sure way of avoiding temperature hotspots and thermal stress in the absorber tube. Porous media or perforated inserts present several benefits when compared with solid inserts such as lightweight, low fluid friction and potential for forcing uniform flow distribution [15] . In this study, the use of perforated plate inserts for heat transfer enhancement in a parabolic trough receiver is investigated.
However, besides improving heat transfer performance, heat transfer enhancement techniques also result in an increase in fluid friction. Therefore, to optimise the performance a particular heat transfer enhancement technique, increasing the heat transfer and reducing fluid friction should be considered at the same time. This presents a multi-objective optimisation problem, in which the heat transfer performance is to be maximised and the fluid friction is to be minimised.
In this case, the two objectives are conflicting with each other such that as the heat transfer performance increases the fluid friction also increases. There is no single design that is -best‖ for all the objectives when both objectives are of the same importance.
In such a case, a set of best solutions often called non-dominated solutions or Pareto optimal solutions [16, 17] is sought, such that selecting any one solution in place of another sacrifices quality of one of the objectives while improving the other objective. Genetic algorithms are suited for optimisation of these classes of problems in many applications including fluid flow and heat transfer problems [18] . Detailed description of genetic algorithms and their suitability for use in optimisation of multi-objective problems is provided in Refs. [17, 18] . Researchers who have used genetic algorithms for multi-objective optimisation of heat transfer and fluid flow problems include Kim et al. [19] , Ndao et al. [20] , Cortes-Quiroz et al. [21, 22] and Karathanassis et al. [23] . Other authors have applied multi-objective optimisation to thermal systems such as refrigeration systems [24] and energy storage systems [25] [26] [27] .
Most investigations on heat transfer enhancement use the first law of thermodynamics to characterize the resulting thermo-hydraulic performance. Studies that use the second law of thermodynamics to investigate both the thermo-hydraulic and thermodynamic performance of heat transfer enhancement techniques are not wide spread. The second law of thermodynamics provides a means of specifying the quality of the available energy. In this investigation, we use both multi-objective optimisation and thermodynamic optimisation to optimize the heat transfer, fluid friction and thermodynamic performance of a parabolic trough receiver with perforated plate inserts.
Physical model and computational domain
The physical model of the receiver with perforated plates under consideration in this study is shown in Figs. 1(a) and 1(b). Similar to the conventional parabolic trough receivers, the space Because of the symmetrical nature of the problem, only half of the receiver was considered.
Furthermore, the flow in the absorber tube becomes periodically fully developed far from the entrance, as such, only a periodic module of the receiver is considered. The computational domain used is shown in Fig. 1(c) . The receiver has an absorber tube with an internal diameter of 66 mm and an outer diameter of 70 mm. The glass cover inner and outer diameters are 115 mm and 120 mm respectively similar to the SEGS-LS2 receiver [28] . The geometrical and other parameters used in this study are shown in Table 1 . 
Numerical analysis

Governing equations
Due to the high heat fluxes on the receiver's absorber tube, high flow rates are usually used for better heat transfer performance. Therefore, we considered the flow inside the absorber tube to be steady-state and fully developed turbulent. As such, the governing equations are:
Continuity equation
are the Reynolds stresses, u i, u j are the time-averaged velocity components in the iand j-directions respectively, T is the time-averaged temperature and P is the time averaged pressure. µ eff is the effective viscosity given by μ eff = μ+μ t and λ is the fluid thermal conductivity.
For relatively low computation cost, the Reynolds stresses are related to the mean velocity gradients using the Boussinesq approach [29] through:
Where k is the turbulent kinetic energy per unit mass given by
A number of turbulence models based on the Boussinesq approach have been developed to solve the closure problem in Eqs. 
Where α p is the permeability of the porous medium, C 2p is the inertial resistance factor, Δm is the thickness of the porous media. For perforated plates, the first term representing the viscous loss is negligible and only the inertial loss term should be considered [29, 32] . The coefficient C 2p has been determined from data presented by Weber et al. [33] for perforated plates and flat bar screens. C 2p = 853 m -1 in the stream wise direction for the considered porosity of 0.65 and plate thickness of 0.0015 m. The values of the inertial resistance factor in other directions are considered very large to restrict flow in those directions.
Boundary conditions
The boundary conditions used include: (1) ray tracing in SolTrace [34] . For this study, the rim angle (θ r ) used was 80 o and the aperture width was 6 m giving a geometric concentration ratio (C R ) of 86 slightly higher than the Eurotrough collector (C R = 82) [1] . The receiver angle θ, is the receiver's circumferential angle shown in Fig. 1(b) . The direct normal irradiance (DNI) varies with location, time of the day and tracking mechanism used, in this study a DNI of 1000 W/m 2 which is slightly higher than values measured by Dudley et al. [28] was assumed. 
The ambient temperature of 300 K was used and Boltzmann law accounts for this radiation exchange. The convention heat transfer coefficient used for the convection boundary condition is given by Mullick and Nanda [36] as:
Where V w is the wind speed, taken as 2 m/s in this study and d go is the glass cover outer diameter.
The concentration ratio, C R is defined as
where A a is the projected area of the collector's aperture and A r is the projected area of the absorber tube. (6) On the symmetry plane, the normal velocity and the normal gradients of all flow variables are zero.
Solution procedure
The numerical solution was implemented was implemented in ANSYS® 14.5. The computational domain was discretised using tetrahedral elements with structured elements in the wall normal directions for the absorber tube and structured hexahedral elements for the receiver's annulus space. The governing equations together with the boundary conditions were solved using a finite-volume method implemented in a computational fluid dynamics code
The coupling of pressure and velocity and was done with the SIMPLE algorithm [37] . Second- Where y + = yμ η /ν, ν is the fluid's kinematic viscosity, y is the distance from the wall, and u η is the friction velocity given by
The solution was considered converged when the scaled residuals of continuity, momentum, turbulence kinetic energy, turbulent dissipation rate and energy ceased changing after about 100 successive iterations. The values of the scaled residuals after these iterations were in the order of less than 10 -4 for the continuity equation, less than 10 -6 for velocity, turbulent kinetic energy and turbulent dissipation rate and less than 10 -7 for energy.
SYLTHERM 800 was used as the heat transfer fluid [38] in the absorber tube. For fluid temperatures 400 K, 500K and 600 K used the fluid properties are shown in Table 2 . The absorber tube is made of stainless steel (321H) and the glass cover is made of Pyrex® [39] . The emissivity of the absorber tube's selective coating is given by Forristall [39] as ξ = 0.000327(T+273.15) -0.065971.
Where T is the average absorber tube temperature in o C.
Grid dependence tests were carried out for representative cases of perforated plate arrangements at all Reynolds numbers considered in the study. The solution was considered grid independent when the maximum change of the entropy generation rate, Nusselt number and friction factor was less than 1% as the mesh element size was changed. The number of mesh elements depends on the insert spacing, insert size and insert orientation. In this study, the number of mesh elements were in the range 90 800 -450 800. The changes in friction factor, Nusselt number and entropy generation as the mesh size was changed are given by 1 11 ,, The indices i and i+1 indicate the mesh before and after refinement respectively. Sample mesh used in this study is shown in Fig. 3 . 
Data reduction
From Fig. 1(a) The results from our numerical analysis are presented using the following parameters:
The average heat transfer coefficient is given by ) /( ri b T h q T    (12) In which, T ri is the average inner wall temperature of the absorber tube and T b is the bulk temperature of the fluid at the periodic boundaries.
The average Nusselt number is given by
Where, λ is the thermal conductivity of the fluid.
The Reynolds number for both the enhanced absorber tube and non-enhanced absorber tube is defined as
Where, ν is the kinematic coefficient of viscosity of the heat transfer fluid.
The friction factor is defined as:
Optimisation
Multi-objective optimization
In its general form, a multi-objective optimisation problem can be written as [17] :
Minimise/maximise f m (x), m = 1, 2,….……,M;
Subject to g j (x) ≥ 0 j = 1, 2,………...,J;
h k (x) = 0 k = 1, 2,………..,K;
Where .
Multi-objective optimisation uses the concept of domination, which is implemented in most multi-objective algorithms to obtain a set of solutions that are not dominated [17] . A solution x (1) is said to dominate solution x (2) if these two conditions are true [17] .
 The solution x (1) is no worse than x (2) in all objectives  The solution x (1) is strictly better than x (2) in at least one objective
Determination of a set of solutions that are not dominated with respect to each other is the purpose of multi-objective optimisation. These solutions are often referred to as the nondominated or Pareto optimal solutions. Given two non-dominated solutions, where both objectives are important, it is not possible to say which of the solutions is better than the other.
The solutions in the non-dominated set are better than the rest of the solutions in the design space [17] .
Design variables and objective functions
The three geometrical design variables considered are shown in Fig.1(a) , the spacing between two consecutive plates, the orientation angle of the plate and diameter of the perforated plate.
The dimensionless form of these variables is , and pd  respectively as defined in Eq. (11).
The two objective functions to be optimised in this study are the heat transfer performance in terms of the Nusselt number given by Eq. (13) and the pressure drop given in terms of fluid friction given by Eq. (15) . The design space for the optimisation process as defined in terms of lower and upper bounds of design variables used was -1 ≤  ≤ 1, 0.31 ≤ d ≤ 0.91 and 0.04 ≤ p ≤ 0.20.
Optimisation procedure
The optimisation was carried out using the design exploration toolbox available in ANSYS® 14.5 [16] . The flow chart showing the optimisation procedure is shown in Fig. 4 . The Using Design of Experiments (DOE), a set of design points corresponding to different geometrical configurations was then generated based on the selected DOE type. For deterministic computer experiments -space filling‖ designs are considered efficient since they treat the design space equally [16, 41] . They also support the use of higher order meta-models including Kriging meta-models adopted for this study [16] . Therefore, the optimal space filling DOE type [16] was used. About 30 design points were sufficient in each case.
Once all the design points are updated, a response surface or a meta-model that relates the performance parameters to the design parameters was constructed. The accuracy of the response surface is essential for the remaining steps [42] . In this study, we used the Kriging meta-model [16] an interpolating meta-modeling technique to improve the accuracy of our response surfaces.
The Kriging meta-model in ANSYS® 14.5 [16] has an automated refinement procedure. It determines where more design points are needed in a response surface to improve its accuracy.
The refinement terminates when the number of specified refinement points is reached or when the specified predicted relative error has been achieved [16] . The predicted relative error in all cases was set to 5% and 10 refinement points were more than enough for a converged solution.
An optimisation algorithm was then applied to the obtained response surface. The multiobjective genetic algorithm used in ANSYS® 14.5 is a hybrid variant of the famous NSGA-II (Non-dominated sorted genetic algorithm-II) based on controlled elitism concepts [16] . The convergence of the optimisation procedure depends on the problem and the specified Pareto percentage. Convergence was obtained after less than 15 iterations at a given Reynolds number.
The non-dominated or Pareto optimal solutions obtained in the preceding step represent optimal designs in the multi-objective sense. To choose any of them designer needs higher level information such as weights of each objective or relative importance of the objectives. A decision support process which uses a goal-based, weighted, aggregation-based design ranking technique [16] was used to obtain a set number of optimal design candidates. In this method, the design candidates are ranked based on the single weighted objective function. The value of the weighted objective function depends on the weights given to the performance parameters and decision variables according to their order of importance. In this study, all the design parameters and decision variables were assumed equally important. Therefore, default values were used [16] .
The purpose of the sensitivity analysis is to investigate the effect of given variables on the objective functions as well as optimal results. In this study, the effect of changing the Reynolds number and inlet temperature on optimal results is investigated. The Reynolds numbers used were in the range 1.04 × 10 4 ≤ Re ≤ 1.36×10 6 depending on the fluid temperature used. The fluid temperatures were fixed at 400 K, 500 K and 600 K in turn at any given flow rate/Reynolds number.
Results and discussions
Validation of numerical results
Our numerical model was validated in a number of steps. First, we have compared our results with experimental data from Dudley et al. [28] for temperature gain and collector efficiency to validate that our receiver model is accurate. Good agreement was achieved for both the temperature gain and the collector efficiency with a maximum deviation of less than 8% as shown in Table 3 . The perforated plate model was validated using data from Gan and Riffat [43] . The variation of the pressure coefficient k = p s /p v with distance from the perforated plate is shown in Fig. 5 . The same trend was been obtained in the current work with maximum deviation of less than 3%. (p s is the static pressure and p v is the velocity pressure = ½ρv 2 ). Because the perforated plate is modeled in CFD as porous media with negligible viscous loss, numerical data from Ravi Kumar and Reddy [11] for a receiver with a wall mounted porous disc at different angles was also used for further comparison. Table 4 shows the comparison of our numerical model with Ravi Kumar and Reddy [11] for the orientation of the porous disc of 30 o .
Good agreement was achieved for both Nusselt number and drag coefficient. better heat transfer rates as temperatures increase. As expected, the heat transfer performance was found to increase as the perforated plate size increases at any given fluid temperature, spacing and Reynolds number. The heat transfer performance also increased as the size of the plate increases and as the orientation angle increases. An increase in plate size leads to higher fluid impingement thus higher heat transfer rates. Positive angles of orientation provide slightly higher fluid impingement on the absorber tube's lower wall, which receives most heat flux (concentrated heat flux). For the range of parameters considered the heat transfer performance increases between 1.02 -2.34 times compared to a receiver with a plain absorber tube. Fig. 8(d) . As expected, this is a continuous curve along which selecting any one of the solutions will improve one of the objectives while sacrificing the quality of the other objective. Fig. 9 (a) shows different Pareto optimal solution sets at three different Reynolds numbers and an inlet temperature of 400 K. As discussed earlier, higher Reynolds numbers give better heat transfer performance, thus at high Reynolds numbers the heat transfer performance is higher. for flow rates higher than 36 m 3 /h at each fluid temperature. It should be noted that these values are just representative and will vary depending on the weights for each objective and other constraints as well as the decision support method used.
Pareto optimal solutions
At the optimal values of plate size, plate spacing and plate orientation in Figs. 10(a-c) , the heat transfer performance is enhanced in the range 1.92 -2.11 while the fluid friction is in the range 30-39 times depending on the flow rate and fluid temperature.
Thermodynamic optimisation
The entropy generation minimisation method is one of the second law concepts used to define thermodynamically optimal thermal processes, thermal system components and thermal systems.
The entropy generation method is widely used for design and optimisation of thermal systems and thermal system components [44] [45] [46] [47] . Minimum entropy generation corresponds to the maximum power output since destruction of available work will be a minimum according to the Gouy-Stodola theorem [44] .
For heat transfer enhancement, the ratio of entropy generation due to heat transfer enhancement to the entropy generation for a non-enhanced device N s,en = S gen /(S gen ) o is used to characterise the thermodynamic performance. This ratio should be less than 1 for better thermodynamic performance [44] .
To determine the entropy generation rates, the method proposed by Herwig and Kock [45] was used in this study. The entropy generation rate is determined as a sum of the heat transfer irreversibility (S gen ) H and the fluid friction irreversibility (S gen ) F from the relevant equations [45] .
The validation of this method was done in our previous work [8] and will not be presented here. Fig. 11(a) shows the variation of the entropy generation due to fluid friction with Reynolds number at different values of plate spacing at T f = 400 K,  = 1 and d = 0.91. Fig. 11 (b) shows the variation of entropy generation due to heat transfer with Reynolds number at different values of plate spacing. In general, as the fluid friction increases, the entropy generation due to fluid friction increases. As the heat transfer performance increases leading to reduction in the finite temperature difference, the entropy generation due to heat transfer irreversibility reduces.
The same trend exists at other values of plate orientation and fluid temperatures. temperatures and a given plate spacing, there is some Reynolds number at which the entropy generation rate is a minimum. Figs. 11(c) and 11 (d) also show that, at low Reynolds numbers the entropy generation due to heat transfer enhancement is less than that in a receiver with a plain absorber tube. At higher Reynolds numbers, the entropy generation rate increases tremendously and becomes more than that in a receiver with plain absorber tube. Lower than the optimal Reynolds numbers, the entropy generation rates are reduced up to 53% depending on the perforated plate geometrical parameters, Reynolds number and fluid temperature.
For the different values of perforated plate orientation, the minimum entropy generation rate occurs at  = 1. At this value, fluid flow irreversibilities are low due to low fluid friction and heat transfer irreversibilities are high due to higher heat transfer rates. Therefore, optimum values of Reynolds numbers at each value of plate spacing and size are presented for  = 1. The optimal Reynolds number is determined by fixing the plate spacing and determining the Reynolds number at which the entropy generation is minimum for given sizes of the perforated plate. 
Conclusion
In the present study, the use of multi-objective optimisation and thermodynamic optimisation in arriving at optimal solutions for a receiver with perforated plate inserts was presented. In the multi-objective optimisation part, the NSGA-II algorithm was used to obtain Pareto optimal solutions for the Nusselt number and pressure drop. Using a goal-based, weighted, aggregationbased decision ranking method, representative design candidates were obtained and presented.
In the thermodynamic optimisation part, the entropy generation minimisation method was used to obtain thermodynamically optimal configurations. At a given Reynolds number, the entropy generation was shown to decrease as the angle of orientation increased. This method also indicated the presence of an optimal Reynolds number for which the generated entropy is a minimum. The optimal Reynolds number was shown to decrease with increasing plate size and decreasing plate spacing. Below the optimal Reynolds number entropy generation rates are reduced by about 53% with heat transfer enhancement.
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